BACKGROUND: Infants born small for gestational age because of pathologic placenta-mediated fetal growth restriction can be difficult to distinguish from those who are constitutionally small. Additionally, even among fetal growtherestricted pregnancies with evident placental disease, considerable heterogeneity in clinical outcomes and long-term consequences has been observed. Gene expression studies of fetal growtherestricted placentas also have limited consistency in their findings, which is likely due to the presence of different molecular subtypes of disease. In our previous study on preeclampsia, another heterogeneous placenta-centric disorder of pregnancy, we found that, by clustering placentas based only on their gene expression profiles, multiple subtypes of preeclampsia, including several with co-occurring suspected fetal growth restriction, could be identified. OBJECTIVE: The purpose of this study was to discover placental subtypes of normotensive small-for-gestational-age pregnancies with suspected fetal growth restriction through the use of unsupervised clustering of placental gene expression data and to investigate their relationships with hypertensive suspected fetal growtherestricted placental subtypes. STUDY DESIGN: A new dataset of 20 placentas from normotensive small-for-gestational-age pregnancies (birthweight <10th percentile for gestational age and sex) with suspected fetal growth restriction (ultrasound features of placental insufficiency) underwent genome-wide messenger RNA expression assessment and blinded detailed histopathologic evaluation. These samples were then combined with a subset of samples from our previously published preeclampsia cohort (n¼77) to form an aggregate fetal growth-focused cohort (n¼97) of placentas from normotensive small-for-gestational-age, hypertensive (preeclampsia and chronic hypertensive) small-for-gestational-age, and normotensive average-for-gestational-age pregnancies. Gene expression data were subjected to unsupervised clustering, and clinical and histopathologic features were correlated to the identified sample clusters.
RESULTS:
Clustering of the aggregate dataset revealed 3 transcriptional subtypes of placentas from normotensive small-for-gestational-age/ suspected fetal growtherestricted pregnancies, with differential enrichment of clinical and histopathologic findings. The first subtype exhibited either no placental disease or mild maternal vascular malperfusion lesions, and, co-clustered with the healthy average-for-gestational-age control subjects; the second subtype showed more severe evidence of hypoxic damage and lesions of maternal vascular malperfusion, and the third subtype demonstrated an immune/inflammatory response and histologic features of a maternal-fetal interface disturbance. Furthermore, all 3 of these normotensive small-for-gestational-age subtypes co-clustered with a group of placentas from hypertensive small-for-gestational-age pregnancies with more severe clinical outcomes, but very comparable transcriptional and histologic placental profiles. CONCLUSION: Overall, this study provides evidence for at least 2 pathologic placental causes of normotensive small-for-gestational-age, likely representing true fetal growth restriction. These subtypes also show considerable similarity in gene expression and histopathology to our previously identified "canonical" and "immunologic" preeclampsia placental subtypes. Furthermore, we discovered a subtype of normotensive small-for-gestational-age (with suspected fetal growth restriction) with minimal placental disease that may represent both constitutionally small infants and mild fetal growth restriction, although these cannot be distinguished with the currently available data. Future work that focuses on the identification of etiology-driven biomarkers and therapeutic interventions for each subtype of fetal growth restriction is warranted.
Key words: clustering, fetal growth restriction, gene expression, histopathology, hypertension, microarray, placenta, preeclampsia, small-for-gestational-age F etal growth restriction (FGR) is the failure of a fetus to achieve its genetic growth potential in utero. FGR is associated with a significantly increased risk of stillbirth, preterm delivery, and neonatal death; 1e3 the potential consequences for infants who survive are extensive. 4e7 Although fetal size varies naturally across the population, pathologic growth restriction is suspected clinically when a fetus or infant falls below a critical size threshold and is identified as being small-for-gestationalage (SGA), either antenatally by ultrasound scan or by birthweight at delivery, respectively. Although this enriches for true cases of FGR, it also captures many fetuses and neonates who are constitutionally small and are at low risk for adverse outcomes. 8 The ability to identify FGR fetuses accurately within the SGA population would improve clinical care by targeting resources to fetuses and infants truly at risk of adverse perinatal outcome and reducing unnecessary interventions in pregnancies with constitutionally small fetuses. 9e11 Although maternal, 12, 13 fetal, 14, 15 and environmental 16e18 factors can contribute to disrupted fetal growth, placental dysfunction is considered the dominant cause of FGR.
19e23 Molecular analyses of FGR placentas have revealed aberrations in hypoxia, inflammation, endocrine signaling, and metabolism pathways, 24e28 and various histologic assessments have identified signs of maternal vascular malperfusion, 29 fetal thromboocclusive lesions, 29 and evidence of placental rejection by the maternal immune system, 30, 31 the latter of which is associated with miscarriage and high rates of disease recurrence. 32, 33 This broad range of contributors to placental dysfunction suggests that FGR is a complex and heterogeneous disease and challenges our ability to understand the disease cause. 11,34e36 Large-scale gene expression analysis with the use of microarrays or RNAsequencing is an excellent method for discovering novel molecular subtypes of human disease and has been used widely to great success in the field of oncology. 37 By applying unsupervised clustering methods and correlative analysis to gene expression data, statistically distinct groups of patients with different clinical phenotypes can be identified. 38, 39 Furthermore, cohesive sets of differentially expressed genes often indicate specific cellular, developmental, or signaling pathways as possible causes or contributors to the disease. 40 In the reproductive biology field, gene expression studies have been conducted on placentas from pregnancies that were complicated by FGR and/or preeclampsia. 24,25,41e44 Preeclampsia is another heterogeneous placenta-centric disorder of pregnancy that has been suggested to share several pathologic features with FGR and, frequently, these diseases co-occur. 45e48 Curiously, comparisons across all studies focused on FGR or preeclampsia have found that only a small number of gene expression changes are consistently identified, which leads to calls for increased sample sizes to improve power. 49 , 50 However, we hypothesize that the main issues in FGR research are not small sample sizes, but rather the employment of an experimental design that considers only 2 possible states (disease vs healthy) and the inclusion of constitutionally small fetuses and neonates in the disease category. We propose that the use of unsupervised clustering to identify subtypes of suspected FGR cases will correct for both of these issues.
In our previous work, we sought to explicitly test if in preeclampsia, as in oncology, multiple molecular diseases can be responsible for the same clinical phenotype. We found that, by using unsupervised clustering techniques, novel placental subtypes of this hypertensive disorder could be identified successfully. 38, 51 Specifically, within a large cohort of 330 placentas that represented a wide range of preeclampsia clinical presentations and co-occurring complications (SGA, chronic hypertension [CH] , and preterm labor), clustering revealed 5 patient groups based solely on placental gene expression, which included 4 subtypes of preeclampsia samples within clusters 1, 2, 3, and 5 (cluster 4 was composed almost exclusively of preterm control placentas with chorioamnionitis). 38 Using a combined transcriptional, 38 clinical, 38 epigenetic, 52 and histopathologic 53 approach, we have further described each of these distinct preeclampsia placental subtypes: cluster 1 preeclampsia samples demonstrated molecular similarity to healthy term control placentas and very little placental disease, which suggests that this may be a predominately "maternal" preeclampsia subtype that is driven by preexisting, subclinical, maternal cardiovascular disease; cluster 2 preeclampsia was termed "canonical", with overwhelming evidence of maternal vascular malperfusion and placental hypoxia; cluster 3 contained a less prevalent "immunologic" subtype of preeclampsia that was marked by signs of heightened immune response at the maternal-fetal interface, similar to an allograft rejection; 30, 31 and, finally, a subtype of preeclamptic placentas with chromosomal abnormalities, but no other strong clinical, epigenetic, or histologic association, was discovered in cluster 5. Notably, patients with both maternal hypertension (preeclampsia or CH) and SGA split across all 4 of these clusters.
Motivated by these findings, in the current study, we apply a similar molecular profiling approach to determine whether placental subtypes of normotensive FGR also exist and span the spectrum of placental dysfunction described for preeclampsia. To accomplish this, we assembled a combined fetal growth-focused microarray dataset that consisted of placentas from normotensive and hypertensive SGA pregnancies with suspected FGR, in addition to healthy control placentas, and applied unsupervised clustering methods. It is AJOG at a Glance Why was this study conducted? The study was conducted to identify subtypes of placentas from pregnancies with suspected fetal growth restriction and to assess differences in their transcriptional, histologic, and clinical profiles.
Key Findings
On the basis of gene expression differences, we identified placental subtypes of suspected fetal growth restriction that demonstrated distinct histologic features. All 3 subtypes were associated with both normotensive and hypertensive mothers, which suggests significant maternal influence on the hypertensive response to placental dysfunction. Placental subtypes could be separated with the use of expression values for only 3 genes (LIMCH1, TAP1, and FLT1) by quantitative polymerase chain reaction.
What does this add to what is known?
Clustering of transcriptional data from suspected fetal growth restricted placentas, along with detailed clinical and histologic phenotyping, has never been done before. Subtypes of normotensive small-for-gestational-age were discovered and characterized, which opened up many avenues for future investigation.
ajog.org OBSTETRICS Original Research postulated that this analysis will (1) appropriately separate constitutionally small normotensive SGA cases from the normotensive SGA cases with placentamediated growth restriction (ie, true FGR), (2) identify distinct subtypes of FGR with divergent underlying placental disease, and (3) reveal relationships to subtypes of placental disease previously discovered in hypertensive pregnancies. If successful, the identification of truly growth-restricted fetuses/infants, in addition to the placental disease underlying the cause of the growth restriction, would allow for targeted management of pregnancies at the highest risk of shortand long-term consequences.
Methods
The purpose of this study was to investigate the diversity of placental phenotypes related to FGR in both normotensive and hypertensive mothers. This was accomplished as a retrospective case-control study by selecting patient samples from a biobank that met the criteria for SGA (<10th percentile) with a reference in their clinical chart to suspected FGR based on ultrasound measurements of placental or uterine blood flow. These samples were then combined with healthy control and SGA placentas from our previous preeclampsia-focused cohort. 38 Analysis was performed with the use of a data-directed method whereby samples are grouped based on placental gene expression alone without reference to any clinical findings (unsupervised clustering). These results were then correlated to clinical and histopathologic data to validate the molecular groupings of the patient samples.
Placenta sample collection
Matched snap-frozen and formalin-fixed, paraffin-embedded placental tissue from 20 normotensive pregnancies with SGA infants (N-SGA) were purchased from the Research Centre for Women's and Infants' Health BioBank (Toronto, Canada). SGA was defined as birthweight <10th percentile for gestational age (GA) and sex, based on a Canadian growth reference. 54 All samples came from singleton pregnancies with live births that occurred after 34 weeks of gestation and were flagged by the BioBank as suspected FGR based on either signs of placental insufficiency by ultrasound scanning performed at Mount Sinai Hospital or a note in the clinical file from a previous care center. These pregnancies will be referred to throughout the manuscript as N-SGA with suspected FGR. This is done to avoid bias in our assessment of the molecular and clinical data, because there may be constitutionally small neonates within the suspected group. Placentas that were associated with maternal smoking, diabetes mellitus (preexisting or gestational), sickle cell anemia, morbid obesity (body mass index 40 kg/m 2 ), and/or clear evidence of a fetal cause of reduced growth (eg, genetic anomaly) were excluded.
Microarray gene expression assessment
Similar to our previous preeclampsia profiling study, 38 placental sampling for messenger RNA assessment was performed by the BioBank, such that 1 biopsy sample was collected, midway between the umbilical cord insertion and disc periphery, from each quadrant in the placenta. All 4 biopsy samples from each placenta were immediately rinsed in phosphate-buffered saline solution, pooled, snap-frozen in liquid nitrogen, and crushed into a powder. Messenger RNA was extracted from the 20 N-SGA snap-frozen tissues with the use of Trizol and RNAeasy spin columns, as well as from 4 average-for-gestational-age (AGA) control placentas previously purchased and used in our preeclampsia study 38 to serve as technical replicates. Extracted messenger RNA for all 24 placentas was hybridized against Human Gene 1.0 ST Array chips (Affymetrix, Santa Clara, CA) by the Princess Margaret Genomics Centre (Toronto, Canada). The generated microarray dataset for the 20 new N-SGA samples is available on the Gene Expression Omnibus, under the accession number GSE100415.
Dataset aggregation, unsupervised clustering, and principal component analysis
To investigate relationships between normotensive and hypertensive SGA pregnancies with suspected FGR, relevant samples from our previous preeclampsia cohort with available matched microarray, histologic, and clinical information 38, 53 were also included in the current analysis (n¼77). These consisted of samples classified as preeclampsia and SGA (preeclampsia-SGA; n¼37), CH and SGA (CH-SGA; n¼14), or normotensive term AGA control samples (N-AGA; n¼26). Most of these SGA infants were also flagged as suspected FGR, but, in some cases, very little antenatal data were available. At the time of original sample collection, preeclampsia was defined as the onset of systolic pressure 140 mm Hg and/or diastolic pressure 90 mm Hg after the 20th week of gestation, accompanied by proteinuria (>300 mg protein/day or 2þ by dipstick). 55 CH was defined as systolic pressure 140 mm Hg and/or sustained diastolic pressure 90 mm Hg before the 20th week of gestation, and SGA was defined as earlier. Given our previous identification of very similar placental gene expression and histologic profiles between cases of preeclampsia and CH, 38 ,53 these 2 groups were analyzed together frequently as a single hypertensive group (H-SGA; n¼51). Microarray data for these original 77 samples are available under the Gene Expression Omnibus accession number GSE75010.
Using the oligo library, 56 raw probe level microarray data from both cohorts (the N-SGA cohort; n¼24, including the 4 technical replicate control samples) and the previous preeclampsia cohort (n¼77) were read into R 3.2.1 software and normalized with the use of the robust multiarray average expression measure. 57 Empirical Bayes batch correction and conversion of probe level annotations to human gene symbols were performed with the use of the virtualArray package. 58 The 4 control technical replicates were removed from the combined SGA dataset after confirmation that they aligned with the original samples on a t-distributed stochastic neighbor embedding plot 59 (which robustly preserves nearest neighbor relationships) after batch correction (Supplementary Figure) . Genes with a mean expression value in the bottom quartile across all placentas were considered to be indistinguishable from background noise and therefore were filtered out.
To identify potential subtypes of placental disease in pregnancies with suspected FGR, unsupervised mixturemodelebased clustering (mclust package;
https://cran.r-project.org/web/ packages/mclust/vignettes/mclust.html) 60 was applied to the top quartile of most variable genes in the 97 placenta samples, as previously described. 38 The optimal number of patient clusters was selected automatically based on the Bayesian Information Criterion and visualized by principal component analysis, a method that allows us to visualize the spread and relationships between clusters, using the plot3d function. The stability of the clusters was investigated with the use of the clusterboot function, 61 with 1000 bootstrap resamples of the data and the "noisemclustCBI" cluster method. This function quantifies the likelihood that a cluster is discovered in repeated experiments.
Quantitative polymerase chain reaction (qPCR) validation
In our previous preeclampsia study, we developed a panel of 3 genes (TAP1, LIMCH1, and FSTL3) that could separate placentas into clusters 1e4 based on the expression values that were obtained with the use of standard qPCR methods. 38 However, since then, we have discovered that 1 of these genes (FSTL3) is an unreliable marker and appears to be influenced easily by minor differences in experimental design. Using machinelearning algorithms and the original preeclampsia cohort qPCR data, as previously described, 38 FLT1 was found to be a good replacement for FSTL3. In the current study, validation of this second qPCR panel was performed with 17 of 20 new N-SGA samples with sufficient tissue available after microarray analysis. Briefly, extracted messenger RNA was converted into complementary DNA with ThermoFisher's High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific Inc, Waltham, MA) and human TaqMan primer/probes sets were obtained from Applied Biosystems (Foster City, CA) for TAP1 (Hs00388675_m1), LIMCH1 (Hs00405524_m1), and FLT1 (Hs01052961_m1). The qPCR reaction was performed by a Life Technologies QuantStudio 7 Flex Real-Time PCR System with default TaqMan cycling conditions, and samples were run in duplicate and averaged for analysis. The mean cycle threshold values that were obtained for each of the 3 genes (TAP1, LIMCH1, and FLT1) were compared within a given placenta and used to classify each of the 17 samples into a molecular cluster. This method of taking the ratio of gene expression values within a sample abrogates the need for a common reference gene between samples.
Pathway enrichment analysis
To determine the likely underlying biologic mechanisms responsible for the gene expression clustering that was observed, pathway enrichment analysis was performed that compared each of the N-SGA subtypes to the cluster 1 N-AGA control samples, which consistently have demonstrated the healthiest placental profiles. Further, pathway enrichment analysis was also performed between co-clustering N-SGA and H-SGA placentas within each of the identified clusters and between the cluster 2 and cluster 3 N-SGA samples. This was done with the use of a modified version of the sigpathway algorithm, 62e65 all possible genes (n¼14,038), and the Hallmark and GO gene sets (version 6.1) downloaded from the Molecular Signatures Database (Broad Institute, Inc., Cambridge, MA). 66, 67 These Hallmark and GO gene sets consist of genes with a preestablished commonality and are organized in a hierarchic manner (eg, genes involved in DNA initiation, DNA priming, and DNA unwinding are also categorized as involved in DNA replication). Hallmark gene sets represent stable and well-defined biologic activities (n¼50 total), while the large number of GO gene sets (n¼5917 total) are each composed of genes that are involved in a particular biologic process, cellular component, or molecular function. 66 Pathways with 10e1000 members were assessed with 1000 permutations. Gene sets were considered significantly differentially expressed when they achieved both a competitive probability of <.05 and a NEk q-value <.05. A full description of the algorithm is in the Supplementary Material: Methods.
Histopathologic analysis
Matched formalin-fixed, paraffinembedded tissue and historic placenta disease reports obtained from the Research Centre for Women's and Infants' Health BioBank for the 20 N-SGA samples underwent detailed histopathologic evaluation, as previously described. 53 Briefly, tissue biopsy samples were collected from each quadrant of the placenta, midway between the umbilical cord insertion, and the disc periphery. Tissue was fixed in formalin, embedded in paraffin wax, sectioned (5 mm), and stained with hematoxylin and eosin according to standard laboratory protocol. 68 Digital images of each slide were examined by an experienced placental pathologist who was blinded to molecular results and clinical information (apart from GA at delivery). Placentas were assessed for pathologic features with a standardized data collection form; 53 definitions and severity criteria were derived from practice and consensus guidelines. Lesions were scored on a scale of 0e1 (absence/presence), 0e2, or 0e3 (assessing degree of severity) where appropriate. Individual lesions were also grouped into 1 of 8 broad disease categories of biologic significance and category sums were calculated.
Clinical characteristics
Similar to our preeclampsia cohort study, 38 >50 clinical variables were analyzed as either a continuous numeric or a categoric feature. Placental weight percentiles were computed, 74 and measured uterine and umbilical artery pulsatility indices (PIs) were compared with reference ranges for GA. 75, 76 Estimated fetal weight was also converted to a percentile for GA 54, 77 and placental efficiency was estimated based on the birthweight:placental weight ratio. 78 Birthweight was calculated as a percentile by 2 methods: a population-based Canadian reference 54 with the use of ajog.org
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GA and sex only, and a customized percentile calculator 79, 80 based on maternal height, weight, ethnicity, and parity in addition to GA and sex. In an attempt to confirm a diagnosis of FGR in suspected patients, all available ultrasound data that may have indicated placental insufficiency was assessed and noted, which included uterine artery notching, uterine artery PI >95th percentile for GA, umbilical artery PI >95th percentile for GA, abnormal umbilical artery blood flow (absent end-diastolic velocity, reverse enddiastolic velocity, and/or increased resistance), in addition to other indications, such as nonconcordant placental grading (eg, placental grade III at 35 weeks gestation), placental lakes, echogenic cysts, wedge infarcts, signs of a "wobbly" placenta, and/or abnormal placental size, shape, or texture.
Statistics
Assessment of phenotype distributions and clinical and histopathologic differences across the clusters and subtypes was performed with Kruskal-Wallis rank-sum tests, Fisher's exact tests, and Mann-Whitney-Wilcoxon tests, as appropriate. Pearson correlations were used to assess the relationships between the birthweight percentiles that were obtained from the population reference and the customized reference.
Ethics approval
Ethics approval for this study was granted from the Research Ethics Boards of Mount Sinai Hospital (#13-0211-E), the Ottawa Health Science Network (#2011623-01H), and the University of Toronto (#29435). All women provided written informed consent for the collection of biologic specimens and medical information.
Results

Unsupervised clustering and qPCR validation
After successful batch correction (Supplementary Figure) and removal of the technical replicates and lowly expressed genes across all placentas, the final combined fetal growthefocused dataset for analysis contained 97 samples and 14,038 genes. Unsupervised clustering of these 97 placentas based solely on their gene expression profiles identified 3 clusters of placentas (Figure 1, A) . Of these, clusters 1 and 2 were highly stable (ie, an average Jaccard similarity >0.8 across clusterings of bootstrap resamples of the data), although cluster 3 was somewhat less stable (0.67 average Jaccard similarity between the bootstrapped reclusters; Figure 1, B) , likely, at least in part, because of its smaller size. Cluster 1 contained the majority (92%) of the N-AGA control samples, along with onehalf (10/20) of the N-SGA samples and some (14%) of the H-SGA placentas (Figure 1, C ; Table 1 ). The remaining one-half of the N-SGA samples split between clusters 2 and 3, co-clustering with the majority of the H-SGA samples. This implies the existence of 3 molecular N-SGA subtypes in this cohort, 1 in each of clusters 1e3.
Principal component analysis discovered 2 components (principal components 1 and 2) that alone accounted for 27% of the variability in the data. Visualization of the transcriptional data along these components revealed that, within clusters 2 and 3, the N-SGA samples appear to integrate well with the rest of the cluster (Figure 1, A and C) . However, within cluster 1, the majority of the N-SGA placentas formed a distinct group, along with the cluster 1 H-SGA samples, at the border of cluster 2, separate from the healthy control samples ( Figure 1, A and C) . Notably, samples belonging to cluster 1 were delivered at significantly later GAs than those belonging to clusters 2 and 3 (P<.01; Figure 1, D) . Visualization of the data along other components revealed differences in fetal sex (principal component 3) or similar patterns to those already identified (principal components 4e8) and are therefore not shown.
For the 77 placentas that were obtained from our previous preeclampsia cohort, 38 cluster inclusion was compared between our previous analysis and the current investigation. Samples that previously belonged to clusters 1e3 retained highly similar cluster memberships, although those with previous cluster 5 inclusion predominately collapsed into cluster 2 (Figure 2, A) . Additionally, 17 of the 20 new N-SGA placentas (those with available tissue) were assessed for cluster inclusion with the use of our identified 3-gene qPCR panel (Figure 2, B) . Of these, 11 (65%) showed complete agreement between the microarray and qPCR cluster assignment, although 2 samples (12%) were on the border of the correct and an incorrect cluster by qPCR and 4 samples (24%) were classified falsely (Figure 2, C) . In both the preeclampsia cohort and the N-SGA placentas, samples with cluster discordance between the 2 molecular analyses (microarray and microarray or microarray and qPCR) plotted on the border of the 2 possible clusters by principal component analysis ( Figure 2 , A and C), which suggests transcriptional contributions from both groups.
Pathway enrichment analysis between and within clusters
To characterize the underlying molecular differences that drove the formation of the 3 N-SGA placental subtypes, we performed pathway enrichment analysis. Given that almost all of the healthy control (N-AGA) samples in this study were found together in cluster 1, we considered these placentas to be representative of "normal" gene expression and initially compared the N-SGA samples in clusters 1, 2, and 3 with these cluster 1 control samples. Unsurprisingly, pathway enrichment analysis found only a small number of significantly differentially expressed gene sets (P<.05 and q<.05) between the cluster 1 N-SGA and control samples (n¼1 Hallmark sets; n¼55 GO sets; Supplementary Table 1 ). The few enriched pathways in the N-SGA samples were associated with carbohydrate metabolism and hypoxia, while the under-expressed gene sets generally were involved in immune response.
In contrast, many significant differences were observed in the cluster 2 N-SGA (n¼6 Hallmark sets; n¼266 GO sets) and cluster 3 N-SGA (n¼17 Hallmark sets; n¼464 GO sets) samples when assessed against the cluster 1 control samples and compared with each Supplementary Tables 2, 3 , and 4). Cluster 2 N-SGA placentas exhibited an upregulation of genes associated with metabolism, hormone activity and secretion, feeding behavior, oxygen binding, and hypoxia, and a depletion of genes involved in immune response, cell proliferation, and muscle relaxation (Supplementary Tables 2 and 4) . Cluster 3 N-SGA samples demonstrated a significant enrichment in immune, inflammatory, and cytokine activity genes and some hypoxia, coagulation, and apoptosis pathways and a downregulation of protein metabolism and secretion pathways (Supplementary  Tables 3 and 4) . Furthermore, to determine whether there were any biologically meaningful transcriptional differences between the normotensive and hypertensive placentas within a given cluster, the N-SGA and H-SGA samples in each cluster were also compared by pathway enrichment analysis. Within clusters 1 and 2, almost no gene sets were identified as Principal component analysis visualization of the stability and composition of the 3 patient clusters identified by unsupervised clustering of the placental gene expression A, Cluster 1 (black) separated from cluster 2 (red) and cluster 3 (green) across principal component 1, while cluster 2 and 3 samples showed differences along principal component 2. B, A bar plot of the average Jaccard similarities from the clusterboot analysis revealed that all 3 clusters were relatively stable, although cluster 3 was somewhat less so (<0.8 Jaccard similarity between the bootstrapped reclusters). C, Normotensive average-forgestational-age control subjects (grey) were found to populate the exterior edge of cluster 1. The portion of cluster 1 closest to cluster 2, and both clusters 2 and 3, contained a mix of normotensive small-for-gestational-age samples (pink), chronic hypertensive small-for-gestational-age samples (light purple), and preeclamptic small-for-gestational-age samples (dark purple). D, Cluster 1 placentas were delivered at notably later gestational ages than the placentas that belonged to clusters 2 and 3. Term deliveries (>37 weeks gestation) are shown in light blue; late preterm deliveries (34e37 weeks gestation) are in medium blue, and preterm deliveries (<34 weeks gestation) are in dark blue.
AGA, average-for-gestational-age; CH, chronic hypertensive; PC1, principal component 1; PC2, principal component 2; SGA, small-for-gestational-age. Tables 1 and 2 ). However, in cluster 3, a few significant pathways were discovered (n¼0 Hallmark sets; n¼34 GO sets); the N-SGA placentas exhibited an overexpression of gene sets that were involved in lipid metabolism and epigenetic functions, such as demethylation and histone acetylation (Supplementary Table 3 ).
Histopathologic analysis of the transcriptional clusters
We next investigated whether the 3 N-SGA subtypes differed in their histopathologic profiles compared with the control samples, each other, and their co-clustering H-SGA placentas. Overall, the cluster 1 N-SGA samples demonstrated minimal histopathology, with almost identical cumulative disease scores to the cluster 1 N-AGA control samples (1.80 vs 1.83; P¼.94; Table 2 ). Ten placentas in cluster 1 (7 N-AGA and 3 N-SGA) had no observed histologic lesions whatsoever. However, in the remaining placentas, the types of lesions that were observed between the cluster 1 N-AGA and cluster 1 N-SGA groups were different. The N-AGA control samples showed some signs of delayed villous maturity, intervillous thrombi, villitis of unknown etiology, and/or meconium histiocytes, that covered a range of different categories of biologic significance. The N-SGA placentas showed mild severity lesions of maternal vascular malperfusion (MVM), such as syncytial knots and accelerated villous maturity (MVM sum 1.70 in the N-SGA placentas vs 0.50 in the N-AGA control samples; P¼.01). The H-SGA samples that belonged to this cluster also showed lesions of MVM almost exclusively, although with a higher degree of severity compared with the normotensive placentas (3.29 vs 1.70; P¼.05).
Although both the N-SGA and the H-SGA samples in cluster 2 exhibited some thrombosis and intervillous thrombi lesions, the majority of the observed histopathologic evidence in this cluster were lesions of MVM (Table 2) . Further, the cluster 2 H-SGA placentas revealed the highest MVM score sums in the entire cohort (4.87), followed by the cluster 2 N-SGA samples (3.43; P<.01 across the cohort; P¼.15 to each other). In contrast, cluster 3 samples uniquely demonstrated increased frequency and severity of histopathologic lesions that were consistent with a maternal-fetal interface disturbance (P¼.01), such as massive perivillous fibrin deposition (P<.01), and evidence of chronic inflammation (P¼.05; Table 2 ). Additionally, both the N-SGA and H-SGA placentas in this cluster showed signs of MVM lesions, although the disease was again more severe in the H-SGA placentas (3.33 vs 1.00; P¼.05).
Clinical characteristics of the clusters
The clinical characteristics of the 3 N-SGA subtypes were compared with each other, the cluster 1 control samples, and the H-SGA samples (Table 3;  Supplementary Table 5) . Across the entire cohort, the population and customized birthweight percentiles were highly correlated (Pearson correlation coefficient¼0.97; P<.01). In general, the cluster 1 N-SGA samples appeared the healthiest of the N-SGA subtypes, with the least reduced birthweights (P¼.29 [population reference] and P¼.01 [customized method] across the N-SGA subtypes), the latest GAs at delivery (P¼.14; Figure 1, D) , and the most efficient placentas (P¼.19). Two cluster 1 N-SGA infants that had been classified as <5th percentile for birthweight with the use of the population reference were assessed at the 10th and 15th percentiles based on the customized method. Of the 9 of 10 pregnancies with available ultrasound data in this N-SGA subtype, 78% (7/9) demonstrated at least 1 ultrasound indication of placental insufficiency, although none of these were associated with abnormal uterine artery blood flow to the placenta (eg, high uterine artery PI or notching). These 2 pregnancies without signs of placental insufficiency on ultrasound scan were not the ones that resulted in infants with conflicting birthweight percentiles.
In contrast, the cluster 2 and 3 N-SGA patients exhibited more severe clinical outcomes (Table 3; Supplementary  Table 5 ). These infants were delivered slightly earlier (P¼.14 across the N-SGA subtypes; Figure 1 , D) and were associated with more nonreassuring uterine and umbilical Doppler findings (P¼.05e.09). Uterine artery notching was most commonly observed in cluster 2 N-SGA (P¼.07 across the N-SGA subtypes), although cluster 3 N-SGA patients were associated with peripherally inserted umbilical cords (P¼.07) and were most likely to have experienced a previous SGA pregnancy (P¼.21) and/or stillbirth (P¼.17). All N-SGA subjects with placentas in clusters 2 and 3 and available ultrasound data (9/10) demonstrated clear evidence of placental insufficiency during pregnancy. Interestingly, 1 cluster 2 N-SGA infant who had been classified at the 10th percentile for birthweight based on the population Preeclamptic small-for-gestational-age (n¼37) 2 (5) 31 (84) 4 (11) Hypertensive small-for-gestational-age (n¼51) a 7 (14) 38 (75) 6 (12) TOTAL (n¼97) 41 (42) 47 (48) 9 (9) a Includes both preeclamptic and chronic hypertensive small-for-gestational-age samples. 
Principal component analysis visualization of the cluster inclusion validations
A, For the 77 placentas that were obtained from our previous preeclamptic cohort 38 (fully colored/not transparent), cluster inclusion was compared between our previous analysis (numbers 1e5 represent clusters 1e5) and the current assessment (colors black, red, and green represent clusters 1-3, respectively). Samples previously belonging to clusters 1e3 retained highly similar cluster memberships, while those with previous cluster 5 inclusion predominately collapsed into cluster 2. The 20 new normotensive small-for-gestational-age samples are shown in semitransparent colors. B, Simple quantitative polymerase chain reaction differences in the mean cycle threshold values that represent FLT1, LIMCH1, and TAP1 gene expression were found to be capable of distinguishing between clusters 1 (black), 2 (red), 3 (green), and 4 (blue) in our previous preeclamptic cohort. 38 Clusters 1e3 each contained varying proportions of patients with preeclampsia, as described earlier, although cluster 4 consisted of preterm control placentas with chorioamnionitis. The immune-associated clusters 3 and 4 demonstrated more similar expression of TAP1 and LIMCH1 than the nonimmune clusters 1 and 2, whereas the preeclampsia-enriched clusters 2 and 3 revealed elevated FLT1 expression compared with LIMCH1. C, Of the 20 new normotensive small-for-gestational-age placentas (fully colored/not transparent), 17 placentas had remaining available tissue and were utilized to validate the 3-gene quantitative polymerase chain reaction panel in B. Of these, 11 samples (65%) showed complete agreement between the microarray (colors black, red, and green represent clusters 1e3) and quantitative polymerase chain reaction (numbers 1e4 represent clusters 1e4) cluster assignment, although 2 samples (12%) were on the border of the correct and an incorrect cluster by quantitative polymerase chain reaction (shown with a "/") and 4 samples (24%) were classified falsely. The 77 samples from the preeclamptic-cohort are shown in semitransparent colors. In both A and C, samples with cluster discordance between the 2 molecular analyses (colors and numbers) plotted on the border of the 2 possible clusters by principal component analysis, which suggests transcriptional contributions from both groups. Table 5) . Furthermore, none of the N-SGA women had experienced a previous hypertensive pregnancy, in contrast to 58% of the possible (primiparous and multiparous) H-SGA patients (P<.01).
Comment
Principal findings
In this study, we assessed the placental gene expression of a fetal growthfocused cohort using unsupervised clustering methods and identified 3 molecular subtypes of placentas from N-SGA pregnancies with suspected FGR. Samples that belonged to the first N-SGA subtype (10/20 N-SGA patients, 50%) demonstrated an intermediate gene expression pattern between the healthy control samples of cluster 1 (N-AGA samples) and the cluster 2 N-SGA samples, with either no evidence of placental histopathologic disease or lesions of mild MVM. Cluster 2 N-SGA placentas (7/20 N-SGA patients, 35%) were characterized by poor uterine artery blood flow and substantial MVM lesions (eg, distal villous hypoplasia, accelerated villous maturity, and syncytial knots), while the rarer cluster 3 N-SGA placentas (3/20 N-SGA patients, 15%) were associated with maternalfetal interface disturbance lesions (eg, massive perivillous fibrin deposition and intervillous thrombi) and features of chronic inflammation (eg, villitis of unknown etiology and chronic intervillositis). These 3 N-SGA subgroups could be separated with the use of our developed TAP1, LIMCH1, and FLT1 Histopathologic comparison of the molecular subtypes by fetal growth and maternal hypertensive status .96
Cumulative pathology score: overall sum (n¼85) Of 95 possible samples; N indicates the number of samples with a non-zero score. The 2 normotensive small-for-gestational-age placentas that were found in cluster 2 were not included in this Table because they belong to neither a small-for-gestational-age subgroup of interest or the healthy cluster 1 normotensive average-for-gestational-age comparison group. However, they showed minimal histopathologic evidence (cumulative scores of 1 and 2) that indicated that their inclusion in cluster 2 is likely due to an anomaly in the microarray data and/or preprocessing, because they do not appear to form a biologically significant subtype; Original Research OBSTETRICS ajog.org (7) 161 (9) 160 (7) 167 (10) 163 (7) 160 (7) 159 ( (1) 38 (1) 35 (4) 36 (1) 32 (3) 37 (1) NOTE: For data given as mean (standard deviation), the data were only noted and used if values were available for at least 2 samples in the subtype group: for data given as percentage of the group (subsample/total number of samples), all available data were used within these 7 subtype groups; however, information was missing for some samples for some characteristics. but the clinical characteristics of the hypertensive patients, which included significantly more restricted uterine artery blood flow and earlier deliveries to avoid worsening maternal and fetal outcomes, were, unsurprisingly, more severe than the normotensive patients. This indicates that hypertension may be less a function of etiologic differences in the placenta and more representative of the diversity of maternal physiologic adaptations to the placental dysfunction.
Results in context
The concept that FGR is a multifactorial, heterogeneous disease has been around for decades. 29, 34, 81, 82 Despite this, previous attempts to characterize the underlying pathophysiologic causes of this disorder generally have focused on the binary comparison of a small infant/ fetus group to a healthy control group of infants/fetuses. By using an unsupervised approach, 3 distinct molecular subtypes of placentas from N-SGA pregnancies have been identified. The healthiest N-SGA placentas fell into subtype 1 (cluster 1), which indicated that this group may contain both constitutionally small infants (likely those where the customized growth calculation placed them above the 10th percentile and/or those with no signs of placental insufficiency on ultrasound scan) and infants who were mildly growth restricted in utero because of placental insufficiency. It is also possible that some of these patients could be associated with an unknown fetal cause of growth restriction, 14, 15 although these 3 possibilities are not readily distinguishable with the currently available information. In contrast, the second and third placental N-SGA subtypes identified in clusters 2 and 3, respectively, had more severe clinical features, such as lower newborn infant weights and earlier deliveries. These samples also showed clear signs of placental disease, both molecularly and histologically, and exhibited consistent evidence of placental insufficiency by ultrasound scans. Therefore, we believe that clusters 2 and 3 identify 2 subtypes of true pathologic growth restriction: "hypoxic" FGR and "immunologic" FGR.
An additional finding of interest was the co-clustering of placentas from normotensive and hypertensive SGA pregnancies in each cluster, which suggested similar underlying placental causes in these groups, regardless of maternal hypertensive state. Although somewhat in contrast to the identification of little to no significant molecular differences between the normotensive and hypertensive SGA placentas in each cluster, hypertensive samples did exhibit moderately more severe lesions of MVM than their normotensive counterparts (P¼.05 in clusters 1 and 3; P¼.15 in cluster 2). This mild discrepancy could be attributed to the timing of placental sampling (molecular alterations associated with the MVM disease may no longer be visible 83, 84 ), minor sampling differences (the snapfrozen and formalin-fixed, paraffinembedded tissues are not the exact same biopsy samples), and differences in statistical thresholds (histologic results are reported as nominal probability values, while the molecular pathways are corrected for multiple-hypothesis testing). Given the general similarities in gene expression and histopathologic evidence in the co-clustering SGA groups, we suspect that variation in the maternal response to a given placental profile is primarily responsible for the hypertensive or normotensive state. 47 These observations emphasize the importance of considering both maternal and fetal contributions to the disease process. Unfortunately, matched maternal samples were not available for these patients but will be essential in subsequent studies to address this theory directly. Last, because we used a retrospective study design, we cannot determine whether there is a relative increased risk of hypertension because of placental disease.
Clinical implications
Accurately distinguishing between placental FGR and constitutionally small fetuses would represent a significant improvement for clinical care and allow for resources to be targeted appropriately to high-risk fetuses. Here, we reported 3 clinically relevant groups of SGA fetuses, each with distinct molecular, histologic, and clinical phenotypes. Importantly, the healthiest of the SGA pregnancies, likely containing some constitutionally small fetuses (cluster 1), grouped away from the 2 clusters where the SGA fetuses likely represent true FGR (clusters 2 and 3). Investigating placental biomarkers and clinical assessments, such as uterine and umbilical artery Doppler tests, from the perspective of these 3 clusters may allow for improved detection and diagnostic performance. For example, decreased maternal plasma placental growth factor is suggested to reflect placental dysfunction antenatally; however, results between FGR studies vary, probably because of the inclusion of constitutionally small fetuses with healthy placentas in the FGR group. We postulate that the FGR pregnancies with placentas that belonged to clusters 2 and 3 would be identified accurately by placental growth factor. 85, 86 Additionally, because the causes underlying cluster 2 and 3 are different, these 2 groups would likely benefit from different therapeutic approaches. 81, 87 Furthermore, the immune-related cluster 3 histopathology is known to have much higher rates of recurrence in subsequent pregnancies 31,33,81,88e91 compared with the maternal malperfusion disease observed in cluster 2; therefore, postpartum counseling strategies for these distinct FGR patient groups may also differ. In fact, even with the limited obstetric history available to us in this cohort, it was noted that the cluster 3 N-FGR patients more commonly had experienced a previous SGA pregnancy and/or stillbirth. Our TAP1, LIMCH1, and FLT1 qPCR panel, which we have now validated, is able to predict FGR subtype membership fairly accurately and, when applied, may offer an easy modality to stratify patients after ajog.org OBSTETRICS Original Research delivery to identify those who are at highest risk for recurrence.
Research implications
From a research standpoint, the knowledge that placental subtypes of FGR exist and can be distinguished should impact study designs moving forward. Previously, we developed a small qPCR panel as a simple and convenient tool for the subclassification of placentas affected by preeclampsia. Importantly, this panel was validated successfully in the current study with new data that was independent of the samples that were used originally to define the classifier. This qPCR panel can discriminate placentas from cases of constitutionally small neonates from FGR that is affected by severe "hypoxic" and "immunologic" diseases. As such, this panel should be used for grouping samples into clusters before performing other large-scale studies (eg, metabolomics or maternal blood arrays) or for interrogating subtype-specific responses to treatment, without the need for a full genome analysis. In this way, underlying heterogeneity will not mask mechanistic changes or successful intervention or prediction results that are unique to 1 particular group and, hopefully, allow for significant progress to be made in this field.
Our findings of both variable maternal hypertensive states within a cluster and the diversity of placental histopathologic findings across the clusters warrant further investigation. The hypertensive state likely arises from either maternal sensitivity or robustness to placental dysfunction and stress factors that are released by the placenta. The immune response not only may be part of a spectrum of maladaptive immune rejection of the conceptus but also could be an exaggerated response to an infectious insult (viral) that leads to an autoimmune-like reaction against the placenta. These are important research questions for future investigation.
Strengths and limitations
The primary strength of this study was the application of unsupervised clustering to identify subtypes of disease and differentially expressed genes and gene sets. This approach was important for avoiding a subjective bias in patient classification. Another key strength was our comparison of hypertensive and normotensive suspected FGR pregnancies, where the similarities in placental gene expression and disease indicated a prominent role for the mother in the development of maternal symptoms. The histopathologic data were collected with the use of a standardized data collection form and blinding of the pathologist to the sample classification, which also helped to avoid biased findings that can arise by informing the observer. Last, we integrated detailed clinical information and histopathologic examination with the discovered sample clusters. The significant enrichment of specific clinical and histologic features to different subsets of samples provides high confidence that these groups are real and biologically meaningful.
This study does also have inherent limitations that we acknowledge. The 97 samples that were included in this cohort represent a substantial, but still relatively small, dataset, especially given the considerable complexity observed in placental diseases. A further increase in sample size and the inclusion of preterm (GA <34 weeks) N-SGA placentas may reveal additional subtypes of normotensive FGR. GA is significantly correlated with the severity of the disease; however, the relationship is not causal because the delivery is due to medical intervention. This is further supported by the observation that the normotensive cases do not show a significant GArelated distribution and co-cluster with the hypertensive cases, independent of GA differences. In addition, enriched gene sets between clusters 1 and 2 are not age-related. As such, although we do not believe that there is any indication that the results in the current study should be attributed to GA, interpretation of these data must always be done with this possible confounding effect in mind. Additionally, the almost exclusive assessment of samples annotated as SGA with suspected FGR likely limited the number of constitutionally small infants who were included in the current study.
Using an unselected/prospectively collected SGA population may improve our capacity to distinguish easily and accurately constitutionally small from pathologically growth-restricted fetuses. Finally, 1 of the primary limitations is the unbalanced sample distribution, with substantially more SGA placentas that were associated with hypertensive pregnancies than normotensive pregnancies. As such, the samples from our previous preeclampsia cohort may be disproportionally responsible for the formation of the clusters. Therefore, the fact that no unique placental N-SGA subtypes were identified in the current analysis does not eliminate the possibility that they exist, simply that their potential discovery will require a further cohort expansion and a better balanced experimental design.
Conclusions
Overall, this study provides novel insight into at least 2 pathologic causes of normotensive FGR. Additionally, we discovered a high degree of similarity between normotensive and hypertensive FGR placentas, which indicates that it is feasible to maintain a maternal normotensive state until term despite a highly diseased placenta. As such, future research focused on each placental subtype of FGR, which includes an in-depth analysis of fetal vs maternal contributions to pregnancy outcome, may lead to the development of subtype-specific biomarkers and therapeutic targets capable of reducing the health burden of FGR. n
Supplementary Material Methods
Pathway enrichment analysis was performed using a modified version of the sigpathway algorithm. 1 This algorithm tests 2 separate null hypotheses, which are denoted in the original work as Q1 and Q2, to determine whether gene sets are expressed differentially between the 2 groups that were under investigation. In our study, Q2, as implemented by Tian et al, 1 was tested for each gene set and a NEk q-value <.05 from this test was considered to constitute sufficient evidence of differential expression between sample groups. However, in many cases, we are interested not only in determining whether a given gene set is expressed differentially but also in evaluating whether this differential expression is causally responsible for the phenotypic differences that were observed. Q1, as proposed by Tian et al, 1 investigated this question by exploring whether a given gene set is expressed differentially relative to the global expression levels of all genes that were measured. In general, this method has been criticized for investigating a hypothesis that is discordant with the experimental design and thus is not interpretable mathematically. 2 As a result, we have chosen to replace this test with a heuristic, which was first proposed by Maciejewski, 2 that explores the same question as Q1 but does not form a formal statistical test. This heuristic is referred to as a competitive probability (P) and is used as a way to gather preliminary evidence about which of the differentially expressed gene sets (as identified by Q2) are most likely to explain the phenotypic differences that were observed. Formally, we let
Iðjf ðtmiÞj > jf ðtÞjÞ and G ¼ the number of genes in the gene set of interest, where f is the mean function, t is the set of t-statistics for the gene set of interest, tmi for i˛{1,.,B} is a random draw of G t-statistics from the genes not in t, and B is the number of resamplings that were performed. This method returns an estimate of the probability that a random sample of G genes not in the gene set of interest realizes a mean t-statistic with a greater absolute value than the mean t-statistic of the genes in the gene set.
SUPPLEMENTARY FIGURE
Visualization of the technical replicates by t-distributed stochastic neighbor embedding (t-SNE)
T-distributed stochastic neighbor embedding was performed on all 101 originally aggregated samples (n¼97þ4 technical replicates) and the top quartile of variable genes to obtain a 2-dimensional representation of the molecular similarities between placentas. As expected, the technical replicates (4 healthy control replicates from our previous preeclampsia-focused cohort [cyan] and the second assessment of these samples as part of our small-for-gestational-agee focused cohort [blue]) plotted beside each other, which indicated that batch correction was successful.
PE, preeclampsia; SGA, small-for-gestational-age; t-SNE, t-distributed stochastic neighbor embedding. Original Research OBSTETRICS ajog.org
